We report the optical characteristics of a monolithic waveguidelaser structure based on the direct write technique. The laser, which incorporated waveguide-Bragg gratings within the doped guide structure, produced narrow linewidth laser output in the C-band.
Introduction
The field of direct-write photonics is a rapidly expanding and exciting one that has the prospect of creating unique photonic devices for applications in telecommunications, biophotonics, sensor networks and many other fields. Using a femtosecond laser, focusing optics and a translation stage system, fiber-optic compatible waveguides can be created in passive, active and high nonlinearity glasses. From the first report of simple linear waveguides created in fused silica [1] , the unique capabilities of the direct write technique have been used to create monolithic photonic devices such as waveguide splitters [2] , amplifiers [3] , and waveguide-Bragg gratings [4] .
Recently waveguiding structures in Erbium/Ytterbium doped phosphate glasses have been combined with two external fiber-Bragg gratings (acting as cavity mirrors) resulting in lasing near 1550 nm [5] . These devices demonstrate the suitability of Er/Yb phosphate glasses for the creation of monolithic waveguide-lasers. In this article we present the first report of such a monolithic device which was based on a distributed-feedback (DFB) waveguide-Bragg grating architecture. A single laser processing step was used to write the waveguiding-grating region.
Waveguide-laser manufacturing and testing
The waveguide-laser device was manufactured using a regeneratively amplified Ti:sapphire Spectra Physics Hurricane laser (pulse length <120 fs, wavelength 800 nm, repetition rate 1 kHz) in a system similar to that described in [6] . The waveguide-laser structure was formed by translating a glass sample once through the focused laser beam in a step that simultaneously created the superposed waveguide and grating region. The translation velocity was kept constant at 25 µm/s and the laser power (measured after the slit) was typically 0.5 -3.0 mW. To generate the periodic refractive index modulation required for a waveguideBragg grating the laser output was square-wave modulated in intensity using an external frequency source to interrupt the regenerative amplifier Pockels cell signal. First order grating structures of period ≈ 500 nm were produced giving an approximate laser modulation frequency of 50 Hz. The laser power was selected to create devices with low propagation loss (at both the pump and signal wavelengths) whilst maintaining a periodic grating refractive index contrast to create suitable gratings. Typically the modulation mark-space ratio was 50:50 and the modulation intensity ratio was 100% and it is noted that these ratios could be adjusted to control the refractive index contrast in the waveguide-Bragg grating. This slow translation velocity and modulated laser method of waveguide-Bragg grating manufacture a405_1.pdf JWBPDP2.pdf differs from previously reported methods that have relied on a two step grating and waveguide manufacturing process [4] , or a point-by-point Bragg grating waveguide manufacturing process [7] , that produced a segmented waveguiding-grating region.
The bulk glass used in this laser study was a custom melt of Erbium and Ytterbium in a phosphate glass host. The linear waveguide-Bragg grating occupied the complete length of the waveguiding region and was approximately 20 mm long. The waveguide and individual grating periods could be visualized using transmission differential interference contrast microscopy. After waveguide-Bragg grating manufacture the end facets of the glass were ground back by 150 µm and then polished. The output fibers from two WDMs were buttcoupled to the waveguide end facets with a little index matching gel in the interstitial gap. A 976 nm and a 980 nm laser diode were used to pump the waveguide-laser from opposite ends. In a manner similar to that described in [8] , an external point-heater was positioned in the center of the waveguide and adjusted to produce an approximately 2 π phase shift midgrating. As we used a continuous grating with a central phase shift, laser emission was coupled equally out of both ends of the waveguide. The emission was detected on an OSA and a wavemeter was used for frequency stability measurements.
Waveguide-laser and waveguide-Bragg grating results
The waveguide-laser structure was studied under both pumped and un-pumped conditions. The laser output spectrum when pumped with the maximum available pump power (710 mW combined from both pump diodes) is shown in Fig. 1 . The apparent linewidth of the laser in Fig. 1 is limited by the slit width of the OSA (10 pm). Measurements using a 1pm BW wavemeter indicated that the actual laser linewidth was in fact less than 1pm. The wavelength drift of the laser was measured over a period of 5 minutes and was observed to be 6 pm. This drift was most likely due to variations in the temperature of the waveguide-Bragg grating/laser structure. The wavelength of the laser was 1537.624 nm and could be adjusted by changing the temperature of the sample wherein the eff dn dT and the dL dT contributions to the grating parameters changed the Bragg wavelength. The output power of the laser emanating from each facet was estimated to be -7.3 dBm or 0.19 mW (measured after waveguide/fiber coupling losses) giving a total of 0.37 mW available output power. The threshold pump power for laser action was 639 mW (combined).
When un-pumped the waveguide-Bragg grating structure that formed the waveguide-laser was probed in reflection and transmission to reveal the characteristics of the grating. Measurements of this nature are subject to uncertainties because the probe light used to study a C-band grating written in an Er doped material will be subject to a varying amount of absorption with wavelength. Therefore a measurement of reflection will be a lower bound of the reflectivity and a measurement of transmission will be an upper bound of grating rejection. The waveguide-laser grating transmission and reflection spectra obtained with a swept wavelength system and a three port circulator are shown in Fig. 2 . The transmission and reflection data in Fig. 2 . are not adjusted for the material absorption, fiber-waveguide coupling and WDM propagation losses. The form of the grating structure shows a dominant single Bragg wavelength of approximately 140 pm FWHM in reflection indicating a high quality waveguide-Bragg grating with minimal birefringence. The transmission spectrum of this grating shows a sharp Bragg resonance superposed on the broad C-band absorption profile of the material. The gradual decrease in transmission up to the Bragg resonance is indicative of the radiation modes of the grating in a geometry that has no well defined cladding (this contrasts with the usually discrete fiber-Bragg grating cladding mode structure).
Conclusions
We have reported the operation of a directly written monolithic waveguide-laser. The device comprised a waveguide and grating structure in a single Er/Yb co-doped glass block. The laser structure was based on a DFB architecture and produced a single-frequency laser output that was stable in wavelength.
The demonstration of this device, the first of its kind, has significant importance in the field of laser physics. It opens the possibility for creating narrow linewidth lasers in bulk glasses without the use of external mirrors, and gratings or other wavelength selective components. This technique for creating a laser is compatible with other existing waveguide architectures such as splitters, couplers, amplifiers, and it offers the potential for devices such as DBR waveguide-lasers, laser arrays, coupled lasers and more sophisticated waveguide and pump delivery technologies. This combination of device potential, genuine 3-dimensional capability and ease of manufacturing significantly expands the gamut of devices and applications that the direct-write technique can enable.
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